The objective of this study was to investigate the regenerative effects of apatite foam （AF） combined with platelet-rich plasma（PRP）on bone defects. Critical-sized defects in the tibia of rats were filled with randomly distributed combinations of AF with and without PRP. The animals were killed after three, six, and 12 weeks, and their tissue responses were histologically examined. At three weeks, we found no significant differences in bone regeneration against control group （21.9±3.1％）when PRP（20.3±4.2％）and AF（21.6±2.9％）were used independently of each other. In contrast, significantly （p＜0.01）larger amount of bone（32.3±6.5％）was formed when the defect was filled with PRP-incorporated AF. At six weeks, both PRP（38.1±3.2％）and AF（39.6±7.8％）showed significantly（p＜0.05）higher rates of bone regeneration than the control, even though they were used independently. Moreover, the amount of regenerated bone significantly（p＜0.01） increased in the defect filled with PRP-incorporated AF（76.1±8.2％） . We concluded, therefore, that the combination of PRP and AF may be useful for the regeneration of defected bone.
INTRODUCTION
Reconstruction of upper and lower jaw defects is essential to the functional rehabilitation of the stomatognathic system.
Autogenous bone grafts from intra-or extraoral donor sites -a gold standard -are used especially to reconstruct bony defects in the craniofacial region 1,2） . The disadvantage of donor morbidity, as a result of using autogenous bone, can be avoided by using bone substitutes. Among the many biomaterials intended for the reconstruction of bone defects, porous apatite plays an important role since it can be shaped at the operation site, shows excellent tissue response, and binds directly with the bone tissue 3-5） . In addition, recent studies indicated that porous apatite emerged extraordinarily attractive as a candidate scaffolding material for tissue engineering 6,7） . Clinical trials have also suggested that a combination of bone graft substitutes and growth factors, such as cytokines contained in platelet-rich plasma （PRP） , may be well-suited for enhancing bone density 8,9） . Platelets are a natural source of growth factors. Platelet-derived growth factor, transforming growth factor-β, vascular endothelial growth factor, and epidermal growth factor are stored in the α-granules of platelets. When platelets are activated by factors such as thrombin or calcium, they release the contents of their α-granules 10,11） . In cell cultures, osteoblasts have been shown to maintain their morphology longer in the presence of a growth factor mix derived from PRP than without PRP
12）
. Similarly, both Kessler et al. and Lind et al. reported that the combination of certain cytokines and growth factors increased osteoblast proliferation and differentiation 13,14） . Therefore, the aim of the present study was to evaluate the effects of porous apatite combined with PRP on the regeneration of bone defects in experimental animals.
MATERIALS AND METHODS

Fabrication of apatite foams（AF）
We used a method of producing ceramic forms to produce the porous apatite foams （AF） in the present study 15,16） . A polyurethane sponge （HR -20D, Bridgestone, Tokyo, Japan） with an average pore size of 1 mm was used as a template. The apatite powder was commercially obtained（Taihei Chemical, Osaka, Japan）and then mixed with water to prepare an apatite slurry（apatite:water ＝ 10 g:9 ml） . Polyurethane foam blocks were then impregnated with the slurry, and excess slurry was completely removed. This would ensure that the pores were open, but not occupied by apatite slurry. After which, polyurethane foams were dried for a minimum of 24 hours at room temperature. Dried foams were then sintered at 1500℃ in an electronic furnace at a heating rate of 1℃/min until 400℃, followed by a heating rate of 5℃/min. At 1500℃, the foams were heated for five hours and then cooled down inside the furnace.
It was confirmed -using an X-ray diffractometer （RINT2500V, Rigaku, Tokyo, Japan） -that the dominant composition of the foam was apatite, although some α-tricalcium phosphate was formed during the fabrication process （Fig. 1） . Resultant AF was cut using a low-speed diamond cutter（Buehler Ltd., Lake Bluff, IL, USA） and sterilized by autoclaving it at 121℃ for 20 minutes. Porosity of AF was measured based on Archimedes' method using a specific gravity bottle（Shibata, Tokyo, Japan） .
Preparation of PRP Whole blood was collected by intracardiac puncture from anesthetized rat and mixed in syringe with one tenth of sodium citrate as an anticoagulant. PRP and platelet-poor plasma were separated by differential centrifugation at room temperature, as previously described by Rajtar et al.
17）
. Platelets in PRP were counted using a phase contrast microscope （IX71-SIP-FRET, Olympus Corp., Tokyo, Japan） .
Surgical procedure
Retired male rats of Wister strain （500 -600 g in weight） , obtained commercially（Shimizu Laboratory Supplies, Kyoto, Japan）and fed with standard pellets and water ad libitum, were used. The rats were anesthetized with an intraperitoneal injection of sodium pentobarbital（Nembutal, Abbott Laboratories, Chicago, IL, USA） . The legs were shaved, and infiltration anesthesia with 0.4 mL of 2％ lidocaineepinephrine solution （Xylocaine, Fujisawa Pharmaceutical Co., Osaka, Japan）was applied around the mesial end of the tibia to arrest bleeding from bone marrow and to control early postoperative pain. The mesial end of the tibia was exposed, and a defect（3.5 mm × 4.5 mm）was made in the bilateral tibia of rat with a fissure bur.
Bone defects were then filled with AF combined with or without PRP （Fig. 2） . Unfilled and PRPfilled bone defects were used as controls. A volume of 0.5 ml PRP was available for each defect. The animal groups were defined in Table 1 . Eight animals of each group were sacrificed at three, six, and 12 weeks.
Histological analysis
At three, six, and 12 weeks after surgery, tibiacontaining specimens were removed from eight rats at each experimental period. The specimens, each composed of the tibia with surrounding tissue, were fixed with 10％ neutral buffered formalin. The specimens were then decalcified in 15％ formic acid for three weeks and embedded in paraffin. Histopathological sections of 40 μm thickness were prepared and stained with hematoxylin and eosin （H&E） . The histomorphometric changes of bone defects were examined for bone regeneration. Amount of bone defect area measured on 0 day was considered as the negative control, i.e., 0％ bone addition. In each animal, added bone area was measured in its histological section using NIH Image 1.62（National Institute of Health, Scion Corp., Maryland, USA） .
Statistical analysis
All calculations were performed using a statistical computer program, Statview 5.1（Avacus, NC, USA） . Statistical analysis was performed to evaluate the effect of PRP on bone regeneration in each group. To this end, one-way ANOVA was performed to analyze bone area, using the treatment group as an independent variable. When a significance difference was Fig. 3 shows a typical SEM image of AF. The SEM micrograph demonstrated a three-dimensional frame structure of AF with a network of fully interconnected pores similar to that of cancellous bone. Porosity of AF was 93±2％. As shown in Fig. 4 , thrombocyte concentration in PRP（21.6±2.4 × 10 5 /μl）was about 2.5 times higher than that of untreated whole blood（8.7±0.8 × 10 5 / μl） .
RESULTS
SEM observation and thrombocyte concentration
Histological observation
In the control group, osteoid tissue appeared in small amounts on the surface originating from the local host bone at three weeks. In the bone defect area, newly formed bone was distinctly seen starting from six weeks and woven bone increased with progress in follow-up time（Fig. 5） .
When AF was implanted into the bone defect, newly formed bone was distinctly seen after six weeks. Moreover, osteoid tissue and woven bone, which originated from the local host bone, were observed（Fig. 5） .
The pattern of new bone formation in PRP group was similar to that of the control group, except that bone addition was seen earlier than in the control at each experimental period（Fig. 5） .
In the case of AF combined with PRP（or AF ＋ PRP） group, osteoid tissue appreciably appeared at three weeks and newly formed bone was seen on the surface of AF originating from the local host bone. At six weeks, woven bone bridged the defect and new bone was formed between AF and the surface of the host bone. At 12 weeks, most parts of the bone defect were already filled with the newly formed bone on the surface of AF combined with PRP（Fig. 5） .
Histomorphometric analysis
For the four groups, the percentage of added bone area increased with varying rates as the follow-up time progressed. At three weeks after implantation, we found no significant differences in bone addition among the control group （21.9 ± 3.1％） , AF group （21.6±2.9％） , and PRP group（20.3±4.2％） . However AF ＋ PRP group（32.3±6.5％）showed significantly （p＜0.05）higher bone addition than the other groups （Fig. 6） . After six weeks of implantation, 22.3±6.0％ of bone defect in the control group were filled with newly formed bone. In the AF and PRP groups, we found significantly （p＜0.05） larger area of added bone than the control group. Nonetheless, there were no significant differences in bone addition between PRP and AF groups. In particular, combination of AF with PRP increased the amount of reossification up to 76.1±8.2％（Fig. 6） .
At the end of the implantation period, bone addition was 57.5 ±5.1％ in control, 64.5 ±5.3％ in AF group, and 63.4±7.0％ in PRP group. There were no significant differences among these three groups. However, new bone formation in the AF ＋ PRP group（84.0±9.1％）was significantly（p＜0.05）greater than the other groups（Fig. 6） . Fig. 3 SEM micrograph of AF. Fig. 4 Thrombocyte counts before and after PRP preparation from whole blood. 
DISCUSSION
Results obtained in this study demonstrated clearly that independent use of PRP or AF was useful for bone tissue regeneration. At six weeks, both PRP and AF groups showed larger amount of bone formation than the control group. However, no significant differences in bone regeneration against the control group were found after three and 12 weeks of implantation. These results indicated that the effectiveness of the independent use of PRP or AF was limited in the early and late stages. On the contrary, we found that AF ＋ PRP was very effective for regenerating bone tissue at each experimental period. In other words, significantly（p＜0.05）larger amount of regenerated bone tissue was identified with AF ＋ PRP than with the other groups. Although the detailed mechanism of bone regeneration in AF ＋ PRP has not been clarified in the present study, it seemed that PRP and AF played different roles from each other in the regeneration of bone tissue. Role of PRP may be associated with releasing growth factors that enhance bone formation. Although the in vitro effects of growth factors -which are contained in PRP -are well documented in the literature 12,18） , their effects on osteogenesis are still unclear. These growth factors may be involved in the differentiation of osteoblast （-like cell） s 19） , and the activities may be responsible for new bone formation in the early phase. Moreover, PRP has been shown to be mitogenic in cell cultures
20）
. Osteoneogenesis is probably supported by platelet-derived mitogenic growth factors
11）
. Unfortunately, effects of growth factors are limited when they are not released gradually. In addition, growth factors per se are not enough for the effective regeneration of bone tissue.
On the other hand, apatite is a typical bone filler. Apatite is widely used for bone reconstruction because it shows excellent tissue response and possesses osteoconductive properties 21） . Although the sintering temperature used for preparing AF was higher than that of conventionally sintered apatite, AF used in the present study showed excellent tissue response and good osteoconductivity. In particular, we found that host bone tissue bonded directly with AF without inflammatory responses.
A threedimensional foam structure with fully interconnected pores has been shown to be very important for bone formation with respect to cell migration and proliferation. Furthermore, this structure is effective for the supply of nutrition and oxygen to osteoblasts. Although the extremely high porosity of AF with fully interconnected pores would promote bone formation, AF might have some limitations when used independently. Therefore, there were no significant differences in bone regeneration between AF and the control group at three and 12 weeks.
In summary, AF combined with PRP was effective for bone tissue regeneration. Although the osteoconductive mechanism of AF ＋ PRP has not been clarified in the present study, it has been clearly demonstrated that PRP-incorporated AF can be applied for bone tissue engineering. Indeed, growth factors and scaffolds -besides cells -are indispensable ingredients in tissue engineering. On this note, AF with PRP containing growth factors can be applied as a scaffold material for bone regeneration. Nonetheless, further studies must be conducted to enhance our understanding on the effects of AF combined with PRP on osteoregeneration.
